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NOMENCLATURE 

. 

7 = efficiency, in counts/incident neutron 

CT = total macroscopic cross section 

h = scintillator thickness 

NH = atomic density of hydrogen in the scintillator 
= 0.04826 x le4 atoms/cm3 at 23OC 

Nc = atomic density of carbon in the scintillator 
= 

= free elastic-scattering microscopic cross section of 
0.03986 x le4 atoms/cc at 23OC 

TY H 

T, c 

0 

hydrogen 

0 = total microscopic cross section of carbon 

p = number of photoelectrons from multiplier photocathode, 

with subscripts referring to fast or total light 

F = fast pseudoelectron equivalent (p.e.q.) energy 

T = total p.e.q. energy 

k = number of photoelectrons/MeV p.e.q. 

B,B' = constants in the relation between energy loss and 

light output 

= energy of incident neutrons 
EO 

5 = ratio of the total number of photoelectrons in a pulse 

to the number in the fast component 

bF = descriminator bias in photons 

6" = effective 5 corresponding to the discriminator speed 
EB,eB = discriminator biases for a secondary particle, in units 

m (E  ,F )  = fast spectrum of the light output, in p.e.q. F o  

of MeV p.e.q. and of the secondary particles energy, 
respectively 

kit = k/c*, a measure of the pulse height resolution 

= first and second effective collision efficiencies 7P72 
Jo = incident current of neutrons per em" 

= energy spectrum of the neutrons which have made i-1 i-1 ip 

collision 

gH(Eo,EB) = mean proportion of collisions of neutron with hydrogen 
or carbon which are detected above the bias EB 



d 

' .  

. 
~ 

V 

w =  
- 

EC - 
A =  

% =  
P =  
h* = 

- E s  - psd' psd 
- 

Ro - 
r =  

J I =  
- 
- 

w =  

w =  
Ceff eff - - 7 0  

mean proportion of toll-;ions of neutrons with hydrogen 

or carbon which are detected above the biar 

cos e 
carbon recoil energy 

atomic mass of carbon (neutron = 1) 

macroscopic removal cross section 

attenuated incident current, by the scintillator 

effective thickness of scintillator 

upper biases in the pulse shape discrimination 

range of a proton of Eo 
scintillator radius 

scattering angle of neutrons in the center-of-mass system 

angular differential cross section for n-p scattering 

energy differential microscopic cross section 

energy differential macroscopic cross section 

effective macroscopic and microscopic cross section 

for a given biau 

effective macroscopic cross section for the first collision 

effective macroscopic cross section for the second 

collision 

velocity of compound nucleus before decay 
2€ 
m 
separation energy 

the p.e.q. energy spectrum of the fraction of the carbon 

geometrical cross section which leads to detection by 
the cascade pulse evaporation process 

velocity of light 
macroscopic geometrical cross section 

center-of-mass velocity in the C I 2  (n,a)Beg 

neutron mass 

mass of 'Be atom 

straight ahead current of neutrons after first effective 

collision 

EB 
c .m. 

'B 

- squared channel velocity - -  



v i  

w = r a t i o  which expresses the  importance of the  forward- 

peaked f l u x  from carbon i n e l a s t i c  s c a t t e r i n g  

t r anspor t  c ross  sec t ion  which i s  t he  sum of hydrogen 

s c a t t e r s  and i n e l a s t i c  s c a t t e r i n g  on carbon leading t o  

the 4 .4  MeV l e v e l  

Ct = 
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EFFICIBNCY OF ORGANIC SCINTILLATORS FOR FAST "RONS* 

R . J. Schut t  l e r t  

ABSTRACT &6-33434 
Organic s c i n t i l l a t o r  de tec t ion- \e f f ic ienc ies  a r e  estimated 

f o r  inc ident  neutrons above 12 MeV, i n  which region nonelas t ic  
r eac t ions  i n  t h e  carbon o f  t he  de tec tor  become s i g n i f i c a n t .  
The e f f i c i ency  i s  given i n  a ':first e f f e c t i v e  co i i i s ion"  
approximation, l a t e r  corrected f o r  second-collision e f f e c t s ,  
as  a func t ion  of a detector  th reshold  on the  f a s t  component 
of t he  l i g h t  from the  phosphor. The ana lys i s  includes con- 
s ide ra t ion  of nonlinear l i g h t  production of both f a s t -  and 
s low-l ight  components, pulse-shape discr iminat ion aga ins t  
gamma rays,  t he  de tec tor ' s  pulse-height reso lu t ion ,  and edge 
e f f e c t s .  E f fec t ive  carbon cross  sec t ions  a re  approximated 
by combining a Monte Carlo in t ranuclear  cascade and evapora- 
t i o n  cont r ibu t ion  with the experimental 12C(n,~)9Be cross  
sec t ion .  Pulse  heights  a re  summed from the  s e r i e s  of p a r t i -  
c l e s  emitted i n  the  reac t ion  of a given inc ident  neutron with 
a carbon nucleus, including pulses  from secondary neutron 
in t e rac t ions .  For 14.5-MeV inc ident  neutrons onto NE-213 
de tec to r s  2.61 and 6 .1  ern th i ck ,  t he  method y ie lds  e f f i c i en -  
c i e s  of 9.7 and 2 l .@ fo r  a f a s t - l i g h t  threshold equivalent  
t o  pulses  from 200-keV e lec t rons ,  if  no pulse-shape discr imi-  
nat ion aga ins t  gamma rays i s  employed. 

I. INTRODUCTION 

Some ca lcu la t ions  have already been made f o r  determining the  f a s t -  

neutron e f f i c i ency  of organic s c i n t i l l a t o r s  .1-5$ However, with t h e  
exception of t he  paper by K u r z ,  5 most of t h e  emphasis has been on the  

determination of the  e f f i c i ency  below 15  MeV, where t h e  problem of 

mul t ip le  s c a t t e r i n g  i s  r e l a t i v e l y  more important than f o r  high energy. 

The work reported here  was i n i t i a t e d  i n  an e f f o r t  t o  provide calcu- 
l a t e d  absolute  de tec tor  e f f i c i e n c i e s  f o r  an experiment involving spec t ra  

under NASA Order R-104. This r epor t  was completed and ed i t ed  a f t e r  
D r .  Schu t t l e r ' s  v i s i t  t o  t h e  Laboratory was completed, and though he 
cooperated g r e a t l y  i n  i t s  f i n a l  production it i s  poss ib le  t h a t  h i s  
i n t en t ions  have not been p rec i se ly  represented.  
continued e f f o r t s ,  and hope the re  have been no ser ious  misinterpre-  
t a t i o n s .  

*Work funded by the  National Aeronautics and Space Admini, c t r a t i o n  

We thank him for h i s  

?Present address: 
$See L i s t  of References a t  end of r epor t .  

Physique du Solide,  Universi ty  of Toulouse, France 
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of secondary neutrons from 160-MeV protons on various nuc le i J6  and so  

the  p a r t i c u l a r  examples worked out  where chosen t o  f i t  t h e  parameters 

of t h a t  experiment. The experiment employed disk-shaped de tec to r s  with 

t h e  neutrons impinging p a r a l l e l  t o  t he  symmetry ax i s ,  a threshold d i s -  

criminator consis t ing of a tunne l  diode un iv ib ra to r  which responded only 

t o  the  f a s t  l i g h t  from t h e  phosphor, and a pulse-shape discr iminat ion 

system based on the  crossover po in t  of a b ipo la r  pulse  from a slow 

amplif ier  system, which the re fo re  responded approximately t o  the  r a t i o  

of slow t o  t o t a l  l i g h t  emit ted.  

Ce r t a in  problems were involved i n  the  ca l cu la t ion .  Since s c i n t i l -  

l a t o r s  are s e n s i t i v e  only t o  charged p a r t i c l e s ,  neutrons must be con- 

ver ted by means of a r ad ia to r ,  as a b s t r a c t l y  shown i n  F i g .  1. I n  experi-  

ments i n  which the  r a d i a t o r  and t h e  s c i n t i l l a t o r  are  d i s t i n c t ,  such as 

those reported i n  Refs.  7-8, a pure-hydrogen r a d i a t o r  can be used and t h e  

de t ec to r  can be sh ie lded .  However, s ince  such an  apparatus has a very 

poor e f f i c i ency  and i s  d i f f i c u l t  t o  use i n  t ime-of-f l ight  experi-  

ments, my i n t e r e s t  was i n  t h e  use of an organic s c i n t i l l a t o r  as both 

r a d i a t o r  and d e t e c t o r .  The lower l i m i t  of use can be as low as  50 keV 

(Ref.  10) and t h e  e f f i c i e n c y  ( i . e . ,  7, t h e  r a t i o  of t he  number of counts 

t o  the  number of incident  neutrons) can be as high as 35%. 
l a t o r s  have been s tudied f o r  use a t  higher  ene rg ie s .  

Large s c i n t i l -  
9 

Some emphasis i s  now being placed on t h e  use of l i q u i d  s c i n t i l l a t o r s  

which have good transparency, and a l l  t h e  d a t a  reported here  are  f o r  t h e  

l i q u i d  s c i n t i l l a t o r  NE-213 (Nuclear E n t e r p r i s e s ) .  Also, f o r  some l i q u i d  

s c i n t i l l a t o r s ,  t he  pulses coming from heavy p a r t i c l e s  (protons,  a lphas,  

and o the r  products of neutron r e a c t i o n s )  can be w e l l  separated from t h e  

pulses coming from Compton e l ec t rons  .I1 The main d i f f i c u l t y  with using 

such detectors  i n  spectrometry experiments i s  t h e  determination of t h e  

e f f i c i ency  vs t h e  neutron energy. 

t i o n  system, a l l  events occuring i n  t h e  s c i n t i l l a t o r  could be counted, 

and the  eff ic iency f o r  neutrons s t r i k i n g  t h e  f ace  of a s c i n t i l l a t o r  

s l a b  would be equal  i n  a plane geometry t o  t h e  absorption: 

If t h e r e  were no noise  i n  t h e  detec- 

= 1 - exp (-CT h )  , 7 = “‘max 

J 
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where h i s  the thickness  of the  s c i n t i l l a t o r  and I+ i s  the  t o t a l  macro- 

scopic c ross  sec t ion .  Since organic s c i n t i l l a t o r s  a r e  composed 

p r i n c i p a l l y  of hydrogen and carbon, 

= N  B 'T H T,H N C  *T,C ' 

where N 

bon per cubic centimeter,  and IS and IS a r e  t h e i r  microscopic t o t a l  

c ross  sec t ions .  

s c i n t i l l a t o r s .  

de t ec t ion  system must have a threshold f o r  d i scr imina t ing  v a l i d  pulses  

from noise ,  which can include the  gamma rays de tec ted  by the  s c i n t i l -  

l a t o r .  With t h i s  inc lus ion  t h e  e l e c t r o n i c  equipment begins t o  be very  

complex, and t h i s  complexity i s  r e f l e c t e d  i n  the  ca l cu la t ion  of t he  

e f f i c i ency .  

photomult ipl ier  tube, we can consider t h a t  the  analyzing e quipment 

works d i r e c t l y  with the  l i g h t  output of each event .  

i n t o  account the neutron vs gamma d iscr imina t ion ,  w e  have t o  observe 

how the  l i g h t  i s  emitted vs time. 

and N a r e  r e spec t ive ly  the  number of atoms of  hydrogen and car -  H C 

T, H T,C 
Figure 2 shows the  maximum e f f i c i ency  f o r  two t y p i c a l  

However, f o r  handling (and s t o r i n g )  the  da t a ,  t he  

I f  we assume good l i n e a r i t y  and constant  ga in  i n  t h e  

However, t o  take  

11. LIGHT OUTPUT EQUIVALENTS 
If t = 0 i s  t h e  time when nuclear r eac t ions  and the  slowing down 

of the  charged p a r t i c l e s  occur ( these  processes  r equ i r e  less than 

and 10-l" sec,  r e spec t ive ly ) ,  we can measure t h e  amount of " f a s t "  l i g h t  

(and photoelectrons 

t = 0 and a f ixed value $ (+ nsec) .  

" t o t a l "  l i g h t  between 0 and % (>> 1 psec; p r a c t i c a l  cons idera t ions  

o f t en  r equ i r e  t h a t  t 

pT. 
emission r a t e .  

on the  bas i s  of l i g h t  emission because p /p 

spec i f i c  energy l o s s  of a p a r t i c l e .  

t i e s  and the  energy and the  s topping power of t he  inc iden t  charged 

p a r t i c l e  i s  described i n  another paper.'" ) 

) emit ted by a l l  t he  charged p a r t i c l e s  between ' 'F 
We can do the  same th ing  f o r  t he  

be chosen i n  the  v i c i n i t y  of 1 psec) ,  which gives  T 
Figure 3 i l l u s t r a t e s  t he  time dependence of t he  photoelectron 

Discrimination between e l ec t rons  and protons i s  poss ib l e  

i s  a func t ion  of the  

(The r e l a t i o n  between these  quant i -  
F T  

.. 

I 
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Thicknesses 2.54 and 6.10 cm. 
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It i s  u s e f u l  t o  measure f a s b a n d  slow-light production not i n  

number of photons but  i n  electron-equivalent energy, i .e.,  t he  energy 

of an e l e c t r o n  giving the  same mean amount of l i g h t .  ( A s  seen below, 

it is a c t u a l l y  necessary t o  use a hypothet ical  e l e c t r o n  whose spec i f ic  

energy loss  i s  vanishingly s m a l l  t o  avoid quenching of t he  l i g h t . )  

The measured quant i t ies  are r e f e r r e d  t o  as F and T. Due t o  the  quantum 

nature  of t h e  l i g h t  emission and of the photoe lec t r ic  e f f e c t ,  e lec t rons  

of energy F y i e l d  a spectrum of values P ( p  ). 
between t h e  average value % (or 5 ) and F (or T)  can be assumed, and 
CT\ fhn frnmTenCTr fiinrfinn Eq. (3) i s  em~lnyed  fo r  t.he number of "effec- 

t i ve"  photoelectrons from an absorption of F keV: 

- 

0n1y a p r o p o r t i o n a l i t y  F F  

T 
Y- J --A------ 

U" "llr A * _  

where k = "effect ive" number of photoelectrons per MeV so t h a t < p  

kF, where the  angle brackets ind ica te  the  mean value.  

assumes a normal approximation t o  the Poisson d i s t r i b u t i o n  of photo- 

e lec t rons .  The use of the  e lec t ron  equivalent enables us t o  compute 

t h e  l i g h t  output of a charged p a r t i c l e  with a p e r f e c t  "scint ibloc" 

( s c i n t i l l a t o r  plus the photomult ipl ier)  and t o  c a l i b r a t e  t he  sc in t ib loc  

gain with a gamma-ray source. 

F>= 
Equa t ion (3 )  

The r e l a t i o n  between the  t o t a l - l i g h t  output T and t h e  energy of 

charged p a r t i c l e s  has been thoroughly s tudied .13-'3 However, it should 

be noted t h a t ,  except i n  some recent  work,"' experimenters t r y  t o  f i t  

t h e  data  from the  t o t a l - l i g h t  output with the  semiempirical law given 

by Birks" f o r  the  f a s t  output: 

dF 1 
dE' - =  

1 i - B -  ax 
(4) 

This formula assumes t h a t  F, measured i n  e lec t ron  equivalents,  i s  on 

t h e  average proport ional  t o  p 

able  energy loss  of e lectrons.  

ing reduces t h e  l i g h t  output of e lec t rons  below 100 keV. This e f f e c t  

an assumption which neglects  the va r i -  

Actually (see Table 1) a l i t t l e  quench- 
F' 

I -  

- 
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Table 1. Energy Loss of Charged P a r t i c l e s  
i n  NE-213a 

P a r t i c l e  Energy dE/dx Range 
(MeV 1 (MeV cm2 g-' ) (mg/cm2 ) 

Elec t ron  0.01 

0.1 
10.0 

Proton 0.06 
1 .0  

10.0 

85 .o 

Alpha' 0.5 
2.0 

4.76 
6.11 

d 

4.15 
23 .o 

1.96 

d 1,090.0 

277.0 
47 .O 
8 .3  

2,840. Od 

1,800.0 

971.0 
811.0 

2 - 3  
14.0 

5,180.0 

0 .1  

2.2 

119.0 
5,700 0 

Carbon 6.0 
12.0 nucleus 

36 .o  
60.0 

d 

5,300. Oe 

7,600.0 

4,000. oe 
2,900. oe 

2 .1  

9.0 
. 

Composition: N = 0 . 0 4 8 2 6 ~ 1 0 ~ ~  atoms/cm3, N = 

bData from P.  E .  Schambra and A. M .  Rauth. Phvs . 

a 

0 . 0 3 9 8 6 ~ 1 0 ~ ~  atoms/cm H3 , d = 0.8759 g/cm3. 
C 

Rev. 120, 1758 (1960) and A .  T .  Nelms, Supplement t o  
NBS-3TT( 1958) - 

C Using a mixture of toluene and xylene, I = 59.4 eV, 
d a t a  were computed according t o  the  method descr ibed by 
R .  W .  Pee l le ,  Rapid Computation of Spec i f i c  Energy 
Losses f o r  Energet ic  Charged -- P a r G c l e s ,  T M - 9 m r .  29, 
1965). - 

dMaximwn value.  
e Experimental da t a  from P . E .  Schambra and A .  M .  

Rauth, Phys . Rev. - 120, 1758 (1960). 
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can be taken i n t o  account i n  one of two ways: 

A f 1, which leads t o  the  formula dF/dE = A(l + B dE/dx)- ' ,  where A - 1  i s  

some mean value of B dE/dx f o r  e lec t rons  i n  t h e  range of measurement used 

so t h a t  U/dE f o r  e lec t rons  would be about uni ty;  A - 1  would be < 5% f o r  

e lec t rons  only  i f  F were > 100 keV. 

measurement a "pseudoelectron equivalent" ( p  .e. q .  ), i .e., the  energy of 

an e l ec t ron  giving t h e  same mean amount of l i g h t  i n  a hypothet ical  sc in-  

t i l l a t o r  where no quenching occurs. This approach seems preferab le .  

(1) Introduce a constant  

(2) U s e  f o r  t he  l i g h t  output me 

- 
When t h e  s c i n t i l l a t o r  i s  ca l ib ra t ed  with r e a l  e lectrons,  it is  impor- 

t a n t  t c  c c n ~ e r t  the  energy of Plectrons t o  t h e  s l i g h t l y  smaller energy of 

a pseudoelectron. An ana lys i s  of some of our experiments and a l e a s t -  

squares f i t  of t h e  alpha-part ic le  da ta  of Flynn2' enabled us t o  obta in  

l igh t -output  r e l a t i o n s  f o r  the  NE-213 l i q u i d  s c i n t i l l a t o r .  The f a s t - l i g h t  

output measured i n  p.e.q.  i s  given by a n  i n t e g r a l  of Birks '  l a w  [Eq. (4)] 
with a value B = 0.0140 g 

used by others."" The t o t a l - l i g h t  output  i s  given by the r e l a t i o n  

MeV-', which i s  somewhat higher than t h a t  

T =  (1- R )  F + R S ,  ( 5 )  

where R = 0.15 Z (found empirically)* and S i s  the  equivalent  s low-l ight  

output  given by the  i n t e g r a l  of 

E ' Ecut exp (-B' a / d x )  
as 
a -  - -  

E s E  cut  0 

The cutoff energy E was taken as ha l f  of t he  energy a t  which t h e  

maximum B/dx occurs,  and B' was found t o  be = 0.0014 g em-" MeV-' . 
cutoff  i s  introduced because a t  very low energy the  energy loss i s  n o t  

e n t i r e l y  due t o  i n e l a s t i c  co l l i s ions  with e l ec t rons .  Some o ther  processes 

such a s  r ad ia t ion  damage e f f ec t s ,  can be s i g n i f i c a n t .  See J .  Lindhard 

-- e t  a l .  

(1953)l f o r  a computation of these  e f f e c t s .  

cu t  
This 

[Kgl. Danske Videnskab . Selskab Mat. Fys . Medd. Vol. 33, No.  10  

*Later work ind ica tes  tha t  a b e t t e r  f i t  can be obtained without 
assuming R t o  be a func t ion  of Z .  
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111. PRINCIPLE OF THE EFFICIENCY CALCULATION 

A neutron can be de tec ted  only if  it r e a c t s  t o  y i e l d  a t  l e a s t  one 

charged p a r t i c l e ,  i f  pF > b ( threshold  of de t ec t ion ) ,  and if  F 

5 = -  pT > y (d iscr imina t ion  of na ture)  . 
pF 

The second condition depends on the  use of a f a s t  d i scr imina tor  t o  s e t  

t h e  de t ec t ion  threshold,  and the  t h i r d  condi t ion assumes t h a t  the  

pulse-shape discr iminat ion system used depends on t h e  r a t i o  of slow tQ 

t o t a l  l i g h t .  

"he f a s t - l i g h t  output  of a beam of monoenergetic neutrons gives a 

photoelectron spectrum, SF(p, Eo) (or ST f o r  t he  t o t a l - l i g h t  spectrum). 

S (p ,  Eo)dp i s  t h e  p r o b a b i l i t y  of p being found between p and p + dp 

f o r  an incident  neutron of energy E . F 

0 

Assuming a p e r f e c t  neutron/gamma d iscr imina t ion ,  t he  e f f i c i ency  i s  

now a funct ion of b ( o r  of i t s  value i n  p.e.q.: E& F 

where @ (E ,F)  i s  the  " f a s t  spectrum" of t he  l i gh t  output,  measured i n  

p .e .q .  f o r  a per fec t  s c i n t i b l o c ,  and where 53e i s  t h e  e f f e c t i v e  5 cor-  

responding t o  the  d iscr imina tor  speed. e r f c (  q)  i s  t h e  complementary 

e r r o r  funct ion def ined t o  g ive  i n t e g r a l s  of t h e  normal d i s t r i b u t i o n ;  

it is zero f o r  l a r g e  p o s i t i v e  q and u n i t y  for l a r g e  negat ive q; 

e r f c ( 0 )  = 9, and e r f c ( 1 )  = 0.16. 

F o  

The problem now of r e l a t i n g  @ (E ,F)  t o  t h e  c ross  sec t ion  i s  very  F o  
complex s ince  f o r  heavy p a r t i c l e s  (protons,  a lphas)  F i s  not  a t  a l l  

p ropor t iona l  t o  t he  k i n e t i c  energy e .  So not on ly  do we have t o  know 

the  t o t a l  cross sec t ion  f o r  each type of r e a c t i o n  bu t  a l s o  i t s  energy 

spectrum, a(Eo-' e , e , . . . ), where c '  . . . a r e  t h e  energ ies  of each 

p a r t i c l e  emitted.  I f  two p a r t i c l e s  of t h e  same type a r e  emit ted 

0 0 0  

. 



. 
11 

(two a’s f o r  example), t h e  mean value of t h e i r  l ight emission i s  not  

t he  same as it would be f o r  a s i n g l e  p a r t i c l e  with the  same t o t a l  

energy. Another consequence i s  t h a t  twofold in t e rac t ions  have t o  be 

taken i n t o  account with some care.  

This kind of ana lys i s  leads t o  the  use of t h e  Monte Carlo method 

t o  p r e d i c t  t h e  energy d i s t r i b u t i o n  of t h e  emitted charged p a r t i c l e s ,  

assuming t h a t  we have a good nuclear model of t he  i n t e r a c t i o n  of neutrons 

with the  nucleus. Since l i qu id  s c i n t i l l a t o r s  contain on ly  hydrogen and 

carbon, it is  the  uncer ta in ty  of our model f o r  t h e  carbon nucleus which 

i e  expectec? t o  give t h e  major errw i n  our ca l cu la t ion .  

Since t h e  e f f i c i ency  of the s c i n t i l l a t o r  i s  poor f o r  t he  high- 

energy gama rays emitted from de-exc i ta t ion  of t h e  ’”C  ( f o r  example, 

0 .1  f o r  a 2.54-cm-thick s c i n t i l l a t o r ,  E = 4.43 MeV), an examination 

of t h e  cross  sec t ions  (Fig.  4) shows t h a t  f o r  neutron energies  below 

12 MeV the  only charged p a r t i c l e s  which need be taken i n t o  account a r e  

t h e  r e c o i l  nuc le i  (protons or  carbon).  

ca lcu la ted  i n  t h i s  range by using a general  neutron t r anspor t  code. 

The purpose of t h e  present  ca lcu la t ion  w i l l  be t o  ca l cu la t e  f o r  neutrons 

above 12 MeV. 

Y 

Thus the  e f f i c i e n c y  can be 

IV . FIRST-EFFECTIVE-COLLISION APPROXIMATION 

which i s  equal t o  the  p robab i l i t y  t h a t  t he  ‘ma,, A t  these energies  

neutron w i l l  have a t  l e a s t  one c o l l i s i o n  i n  the s c i n t i l l a t o r ,  i s  r e l a -  

t i v e l y  small  compared with 1. So i n  the  method of ca l cu la t ion  which 

cons i s t s  of decomposition of 7 i n t o  a s e r i e s  of cont r ibu t ions ,  

‘=r l1+,f- I2+ ‘ 3  + ... + 
‘i 

... , (9 )  

q i s  t h e  e f f i c i ency  calculated with only the  f i r s t  c o l l i s i o n .  Simi- 

l a r l y ,  -q2 i s  ca lcu la ted  by following t h e  neutrons which a r e  not de tec ted  

by t h e i r  f i r s t  c o l l i s i o n  t o  add t h e  l i g h t  output of any second co l l i s ion ,  

and so on. The s e r i e s  should converge f a i r l y  r ap id ly .  

1 

Each 7 i s  i n  t u r n  the  sum of two terms, according t o  whether t h e  i 
i t h  c o l l i s i o n  i s  on hydrogen or carbon, and we can write i n  t he  

s t ra ightahead  approximation 
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where Jo i s  t h e  incident  current of neutron energy E * gi(E,EB) i s  t h e  

mean proport ion of c o l l i s i o n s  detected w i t n  a b i a s  E 

the  t a r g e t  element indicated by t h e  subscr ipt ;  and @ 

spectrum of neutrons which have made ( i-1) c o l l i s i o n s .  

0' 

B 

i- 1 

[ i n  p .e .y .  ) Tor 

i s  the  energy 

@ may be w r i t t e n  as  
0 

go = J(X) ~ ( E - E ~ )  . (11) 

In t eg ra t ing  over energy, t h e  f i r s t - c o l l i s i o n  e f f i c i ency  becomes 

J (x ) ,  t he  cu r ren t  of neutrons which have had no co l l i s ions ,  may be 

wr i t t en  a s  J (x )  = J 

As w i l l  be seen below, i s  too l a r g e  a cross  sec t ion  f o r  p r a c t i c a l  

purposes because e l a s t i c  co l l i s ions  with carbon have l i t t l e  e f f e c t .  

exp(-l+x) , cons is ten t  with the  above d e f i n i t i o n s .  
0 

A t  t h i s  po in t  the  de f in i t i on  of 7 and 7 1 2 i s  modified t o  assure  

t h a t  q2 << ql, even if Xh i s  l a rge .  

c o l l i s i o n  should be considered: 

The following types of f i r s t  

1. If it i s  with a proton, t h e  neutron e i t h e r  gives a con t r i -  

2' bution t o  rll or is  included i n  7 

2. If it i s  a nonelast ic  c o l l i s i o n  with a carbon nucleus, the  

neutron should be considered as  being removed from the  incident  beam 

s ince  any secondary neutron w i l l  have d i f f e r e n t  energy and angle. 

3. If it i s  an e l a s t i c  c o l l i s i o n  with a carbon nucleus, t he re  i s  

l i t t l e  p robab i l i t y  of detect ion.  Figure 5 shows the  d i f f e r e n t i a l  cross  

sec t ion  f o r  t h e  carbon nucleus vs 1-p, where p = cos8 . The c .m. 
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. 
absc i s sa  i s ,  consequently, p ropor t iona l  t o  the  r e c o i l  energy: 

E =  2A E o ( l - p )  . 
(A+1}2 

Since t h e  r e c o i l  energy i s  general ly  small , the e l a s t i c a l l y  sca t t e red  

neutron w i l l  be considered as  remaining i n  t h e  primary beam. 

Using t h e  rev ised  de f in i t i on  of a co l l i son ,  t h e  cur ren t  of 

uncol l ided neutrons i s  wr i t ten  

where t h e  removal cross  sect ion 3 = NH crH + NC one. 

p l o t t e d  i n  F ig .  6.  
p l o t t e d  i n  Fig.  2, where p = [l - e x p ( - s h ) ] .  

t h e  a t tenuat ion  is  always l e s s  than 30$ above 12 MeV. 

This quant i ty  i s  

The curves giving the  a t tenuat ion  p vs energy are 

It can be noted t h a t  

The l a s t  bracketed terms i n  Eq. (12) i s  c a l l e d  t h e  "ef fec t ive  

t h  i ckne s s h* : 

Figure 7 shows how h*/h var ies  with E . 
be as  high as  15% f o r  a 6-em de tec tor .  

s ec t ion  t o  obta in  J(x) has led us t o  an approximation where t h e  behav- 

i o r  of t he  ca lcu la ted  e f f i c i ency  depends mainly on the  f i r s t  co l l i s ion ;  

t h i s  method i s  c a l l e d  t h e  " f i r s t - e f f e c t i v e - c o l l i s i o n  approximation." 

Note t h a t  t h i s  cor rec t ion  can 
0 

The use of the  removal cross  

V.  EDGE EFFECTS 

The low value of b i a s  contemplated here ,  about 180 keV p.e.q. ,  

l eads  us t o  neglect  edge e f f ec t s  i n  t h e  f i r s t  ana lys i s .  However, t h e  

low s p e c i f i c  energy loss of high-energy protons (14 MeV and above; 

see  Table 1) is  increas ingly  l i k e  t h a t  of e lec t rons .  

eous pulse-shape discrimination (psd) ,  which would have l ed  t o  

r e j e c t i o n  of high-energy protons, another pulse-height b ias  was in t ro -  

duced, E 

To avoid erron- 

above which every pulse  was accepted a s  neutron-induced, psd' 
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independent of 5 .  Therefore escaping protons emerging from the  s c i n t i l -  

l a t o r  w i l l  always be counted if t h e i r  t o t a l  l i g h t  output i s  above E 

because t h e i r  t o t a l  energy loss i s  above an energy-dependent value 

of 

PSd 

For a reasonable value of E = 2.5 MeV, E var i e s  between 2.5 and 

4 MeV. 
PSd PSd 

An approximate evaluat ion of t h e  loss of e f f i c i ency  from edge 

e f f e c t  is  described by Rybakov and S i d o r o ~ . " ~  

t h e  unbiased hydrogen e f f i c i ency  i s  

The l o s s  r e l a t i v e  t o  

where R i s  the range of a proton of energy E D and T a re  func t ions  

tabula ted  by Rossi and S t a ~ b , ' ~  and h and r a r e  the thickness  and t h e  

rad ius  of t he  s c i n t i l l a t o r ,  respec t ive ly .  Figure 8 gives the  r e s u l t s  

of these  ca lcu la t ions  and it can be seen t h a t  t h i s  cor rec t ion ,  with 

only t h e  f i r s t  t e r m  considered, i s  l e s s  than  5% a t  Eo = 100 MeV f o r  a 

s c i n t i l l a t o r  with h = 6.10 cm but  could be 7% a t  Eo = 50 MeV i f  h = 

2.54 cm. A s  shown l a t e r ,  t he  ranges of p a r t i c l e s  emit ted i n  reac t ions  

of neutrons with the  carbon nuc le i  a r e  much l e s s  than the  range of n-p 

protons,  and so the  edge e f f e c t  loss f o r  t h e  nonelas t ic  reac t ions  on 

carbon can be neglected completely. 

with pulse  height  below E a r e  l i k e l y  i n  any case t o  s a t i s f y  t h e  

pulse-shape discrimination c r i t e r i o n .  

0 0' 

Also, t he  p.ulses from t h i s  o r i g i n  

PSd 

V I .  ANISOTROPY I N  n,p SCATTERING 

Above 10 MeV t h e  s c a t t e r i n g  i s  not i so t rop ic  i n  the  center-of-  

mass system. Gamme.1'~ formula26 approximates t h e  observed sca t t e r ing :  
2 

l+@ COS2 JI 
I (18) 

0 - ql - 4r( 



. 

Fig .  8.  Rela t ive  Edge Effec t ,  Calculated f o r  Protons Only. The 
dashed curves i n t e r p o l a t e  f o r  a given e l ec t ron ic  b i a s  t h e  ca lcu la t ions  
made f o r  a given proton b i a s .  
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where Jr = s c a t t e r i n g  angle of neutrons i n  the  center-of-mass system, 

and 

35r 
CS = 1.206 Eo+( -1.8600+0.09415 Eo+0.000130 c),” 

(19) 5r 
+ 1.206 Eo+(0.4223+0.1300 Eo)2 

4.83 - 0.578 barn .  
3-  m- 

0 

I n  the  labora tory  system, 

E = 8 Eo (1-cos 4 )  
P 

and 

o e ( l a b )  = 4 cs cos 8 . ( 2 2 )  Jr 

The p robab i l i t y  t h a t  a s c a t t e r e d  neutron gives  a proton i n  the  

range E , E +dE i s  P P P  
45r 0 dE 

w ( E ) d E  = J ’ x P .  (23)  
EO 

0 P P  

The d i f f e r e n t i a l  macroscopic cross sec t ion  i s  p l o t t e d  i n  F ig .  9 
a s  

W (E ) = NH cs w(E ) . (24)  
H P  P 

If the  bias  i s  s u f f i c i e n t l y  low, Eqs. (9)  through (12)  can be 

s impl i f ied  with respec t  

ef f i c  iency: 

t o  the  con t r ibu t ion  of hydrogen t o  t h e  
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. 

where h3c i s  the e f f e c t i v e  thickness  of the  s c i n t i l l a t o r .  With t h e  same 

assumption, the e f f e c t i v e  macroscopic cross sec t ion  f o r  hydrogen 

reac t ions  can be wr i t t en  as 

E -  eff = C(Eo, cB) = q l - a ( E  ) 21 . 
O Eo 

4r( IJ 
Table 2 gives some values of and a = which i s  the  (forward/ 3 0 

average) anisotropy coe f f i c i en t .  

for E 
Figure 10 shows the  curves of C vs E 

0 

- 0 and 1 MeV ( i . e . ,  EB = 180 keV). B -  

V I I .  DETECTION OF CARBON RECOIL NUCIEI 

The d i f f e r e n t i a l  e l a s t i c  cross sec t ion  f o r  carbon i s  not very well  

known. However, it i s  important t o  recognize t h a t  t h e r e  i s  a very 

s t rong  forward lobe (see Fig.  5 ) .  Consequently the  r e c o i l  k i n e t i c  

energy i s  on the average very low: 

2A Eo(l-cos $ )  
E = -  = 0.142 Eo(l-cos $ )  , (27) C (A+l ) '  

where 4 = t h e  s c a t t e r i n g  angle i n  t he  center-of-mass system. 

shows t h e  d i f f e r e n t i a l  cross  sec t ion  as a funct ion of t he  r e c o i l  k i n e t i c  

energy. 

Figure 11 

We again def ine the  d i f f e r e n t i a l  e f f i c i e n c y  as 

where w(E ) has a s imi l a r  meaning t o  w(E ) i n  Eq. (20): 
C P 

Scal ing the ordinate  of F ig .  11 e a s i l y  transforms each curve i n t o  

a p l o t  of Wc(EC), but t o  determine the  f a s t - l i g h t  d i s t r i b u t i o n  of the  

f r a c t i o n  of the geometrical  c ross  sec t ion  which cont r ibu tes  t o  t h e  

e f f i c i ency ,  @ ( F ) ,  the  r e l a t i o n s  f o r  F(EC) a r e  needed. Batchelor' 
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Table 2. 
M, aid Res t i l t a~ t  Bias Effect fo r  lireieciiliri or iu’euirons 

Macroscopic Cross Sect ion,  Anisotropy Coeff ic ien t ,  

by Proton Recoi l  

Rela t ive  LQSS ($) 
of Ef  f i c  iencv QI C(Eo, cB = 1 MeV) 

Y 

( cm-I ) from Bias Ef fec t  

14.5 
20.0 

25 .o 
30.0 
40.0 
50.0 
60.0 

75.0 
90.0 

0 * 03233 
0.02342 
0.01840 
0.01499 
O.Olc%O 

0.00794 
0.006185 
0.00447 
0.00337 

1.0343 
1. (3537 
1 0978 
1 * 1379 
1.2327 
1.3413 
1.4571 
1.6329 
1.8000 

0.0300 
0.0222 

0.0176 

0.0103 

0.00602 
0.00436 
0.00328 

0.0144 

0.00772 

7.11 
5-32 
4.39 
3 -79 
3.08 
2.68 
2.43 
2.18 
2.00 
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C '  
used F = 0.015 E 

Some recent  data 27 show t h a t  F i s  even lower. We note then  t h a t  t he  

absc issa  i n  Fig. 11 can be e i t h e r  E o r  F = 0 . 0 1 E  

b u t  from OUT ca l cu la t ion  w e  f i n d  t h a t  F = 0.01 E 
C 

C '  C 
We can est imate  t h e  order  of magnitude of t h e  e f f i c i e n c y  contr ibu-  

t i o n  from carbon r e c o i l s  by a s impl i f i ca t ion  s imi l a r  t o  formula (25), 
i . e . ,  by neglecting the  f i n i t e  r e so lu t ion  of the  s c i n t i l l a t o r .  This 

leads  t o  t h e  curves of F ig .  12a, where 

i s  p l o t t e d  vs E = 0.01 e f o r  some values of E . A comparison with 

the  values of E(Eo, e ) p l o t t e d  i n  F ig .  9 shows t h a t  t h i s  e f f e c t  i s  

neg l ig ib l e  i f  e i s  more than 10 MeV (E > 100 keV). However, i f  t h e  

r e so lu t ion  a t  very low energy i s  very broad, some carbon r e c o i l s  can 

be counted above the  b i a s .  Figure 12b shows a p l o t  f o r  E = 30 MeV 

ca lcu la t ed  from Eq. ( 9 )  f o r  some values of k3* = 

t he  r e so lu t ion ) .  

B B 0 

B 
B B 

0 k (parameter giving 

From i n e l a s t i c  c o l l i s i o n s  C(n,n'y)C the re  w i l l  be some carbon 

r e c o i l  energy, f o r  which process the  cross  sec t ions  a r e  l e s s  wel l  known. 

For our  ca l cu la t ion  we assumed t h a t  t h e  e x c i t a t i o n  funct ions of t h e  

mirror  nuc le i  N and C a r e  t h e  same above 20 MeV: 13 13 

I n  t h e  center-of-mass system the  respec t ive  e x c i t a t i o n  energ ies  of t he  

and N nuclei  i n  t h e  reac t ions  n+C + C and p+C12 4 N13 a r e  13 13 12 13 

and 

A E = -  
N A+1 E ~ + %  ' (33) 
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Therefore we can use the  C(p,p’)C* i n e l a s t i c - s c a t t e r i n g  da ta  with t h e  

r e l a t i o n s h i p  

En = E -3.33 MeV 
P 

and normalize so t h a t  

(34) 

F igure  13, based on the  same t reatment  as  f o r  t h e  e l a s t i c  s c a t t e r i n g  

(F ig .  ll), shows t h a t  t he  c ross  sec t ion  i s  one-tenth t h a t  f o r  e l a s t i c  

s c a t t e r i n g .  The main e f f e c t  of these  c o l l i s i o n s  i s  t o  remove 4.4-MeV 

energy from the  inc ident  neutron without changing i t s  d i r e c t i o n .  This 

e f f e c t  increases  the  p r o b a b i l i t y  of a c o l l i s i o n  with a hydrogen nucleus, 

and i s  included i n  the  ca l cu la t ion  r e l a t e d  t o  t h e  none la s t i c  s c a t t e r i n g .  

V I I I .  NONELASTIC SCATTERING: NATURE OF REACTION 

The following reac t ions  mainly compose the  nonelas t ic  c ros s  sect ion:  

1. C(n,n‘)C4‘ leading t o  C* + 3a, Q = -7.281 MeV, bu t  the  lowest 

l e v e l  leading t o  t h i s  decay i s  t he  9.63-MeV l e v e l .  

increases  r ap id ly  between 12 and 1-5 MeV and remains nea r ly  constant  

above t h i s  energy. Although a three-prong-star  decay i s  not impossible, 

below 20 MeV the decay proceeds through the  l e v e l  near  10 MeV t o  t h e  

ground s t a t e  of ‘Be (Refs .  28, 29) .  

threshold region t h i s  gives  3a p a r t i c l e s  which have energies  i n  

the  range of 1 t o  3 MeV; i . e . ,  each p a r t i c l e  gives  a pu lse  of about 

100 keV p .e .q .  The spectrum of the  l i g h t  should be a very broad l i n e  

centered a t  300 keV. The e f f i c i e n c y  r e s u l t i n g  from t h i s  r eac t ion  i s  

consequently very s e n s i t i v e  t o  the  b i a s  s e t t i n g .  

The e x c i t a t i o n  

I n  t h e  l abora to ry  system i n  t h i s  

2. l2C(n,p)l”B, Q = -12.592 MeV, and 12C(n,np)11B, Q = -18.721 MeV. 

The protons coming from these  r eac t ions  a r e  mostly above 1 MeV, and thus 

g ive  important cont r ibu t ion  t o  the  e f f i c i e n c y .  

12C(n,a)9Be,  Q, = -5.709 MeV. 3.  Figure 4 shows the  importance of 
t h i s  reac t ion ,  which gives  a higher  energy alpha p a r t i c l e  than does 

t h e  3a decay. 
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IX. INTRANUCLEAR CASCADE MODEL 

The determination of t he  e f f i c i ency  needs not only t h e  cross  

sec t ions  described above but  a l s o  d i f f e r e n t i a l  cross  sec t ions  such a s  

o (En  -, E;, Ep) .  
Fermi and developed by Serber3' and G ~ l d b e r g e r ' . ~ ~  

c a l l e d  t h e  " intranuclear  cascade 

term would be t h e  ' 'frozen nucleus" method, s ince  it considers s epa ra t e ly  

t h e  in t e rac t ion  of the incaming p a r t i c l e  and the  secondary nucleons 

with the  individual  nucleons of t h e  t a r g e t  nucleus.  For p r a c t i c a l  use 

t h e  nuclear  p o t e n t i a l  and t h e  s p a t i a l  and momentum d i s t r i b u t i o n  of the  

t a r g e t  nucleons are  those assumed t o  e x i s t  before  t h e  f i r s t  i n t e rac t ion .  

The v a l i d i t y  of t h i s  method depends on the  converse of t he  Bohr 

For high values of E we use a method suggested by n 
This method i s  

method, bu t  a more appropriate  1 1 3 2 ,  33 

assumption3* but i n  our case it may be made more p l aus ib l e  by t h e  

ex is tence  of some a lpha- l ike  s t r u c t u r e  ins ide  the  carbon nucleus. 

However, t h e  appl ica t ion  of t h i s  method t o  t h e  in t e rac t ion  of 20-MeV 

neutrons on carbon caused considerable d i f f i c u l t i e s  . 
I n  previous cascade ca lcu la t ions  it was assumed t h a t  t h e  separa- 

t i o n  energy E was the  same f o r  a l l  p a r t i c l e s  leaving t h e  t a r g e t ,  f o r  

example, E = 7 MeV. A more accura te  ca l cu la t ion  was suggested by t h e  

condi t ion of v a l i d i t y  of t he  method: t h e  mean f r e e  path A must be 

g rea t e r  than  the channel radius  R .  I n  our case both a r e  r a t h e r  i n  

t h e  same order of magnitude, and some sur face  e f f e c t  can occur.  This 

sur face  e f f e c t  should suppress,  f o r  example, an (n ,p)  r eac t ion  giving 

an  emerging proton with an energy d i f f e r i n g  from t h e  neutron energy 

by l e s s  than Q. This can be explained by saying t h a t  t h e  wave number 

of a p a r t i c l e  k = ~ I - ~ [ ~ M ( E + V ) ] '  i s  d ramat ica l ly  reduced when it reaches 

t h e  sur face .  

S 

S 

1 

We have made the assumption t h a t  t h e  surface e f f e c t  delays the  

t ime of emission of the p a r t i c l e  s u f f i c i e n t l y  f o r  t he  separa t ion  energy 

t o  be given by t h e  p o t e n t i a l  of the  compound nucleus (and not t h e  

i n i t i a l  nucleus).  I n  t h i s  approximation we continue t o  neglect  t h e  

changes i n  the  nucleon dens i ty  during thewhole  nuclear  i n t e r a c t i o n .  

This assumption ev ident ly  suppresses t h e  nonphysical processes ,  s ince  

empir ical  separat ion energies  a r e  employed. For example, f o r  t h e  
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emission of t he  f i r s t  p a r t i c l e  w e  have E 

E ( C  ) = 17.54 MeV. 
( C  ) = 4.95 MeV and 

S,n 13 
S,P 13 

P r a c t i c a l  Application 

The ana lys i s  of the  in t ranuclear  cascade w a s  made by the  Monte 

Carlo method.33 

cross  sec t ion  fiR2 (R = channel r ad ius ) ,  and i t s  mean free pa th  is 

ca lcu la ted  a s  

An inc ident  neutron randomly s t r i k e s  t h e  "geometrical" 

A = (up)-' , 

where o i s  t h e  nucleon-nucleon cross  sec t ion  as  a func t ion  of t h e  

r e l a t i v e  energy, and p i s  t h e  nucleon densi ty .  

I n  t h e  B e ~ - t i n i ~ ~  program used here,  p i s  assumed f o r  s impl ic i ty  

t o  be uniform i n  each of three concentr ic  regions.  So, i n  a given 

region, A i s  a func t ion  only of t h e  nucleon energy. 

similar t o  a neutron t ranspor t  problem i n  a f i n i t e  geometry of t h ree  

sphe r i ca l  regions.  

The problem i s  now 

By a series of random choices t h e  f u r t h e r  s c a t t e r i n g  of the  

primary and secondary nucleons i s  analyzed u n t i l  they escape t h e  nucleus 

o r  slow down t o  a cutoff  energy which f o r  convenience i s  chosen a t  

0.87 MeV f o r  both protons and neutrons. 

The p a r t i c l e  type, energy, and momentum vector a re  recorded by 

B e r t i n i ' s  ca l cu la t ion  on a magnetic h i s t o r y  tape  f o r  each nucleon 

escaping the  nucleus. It happens t h a t  t h e  tape records a r e  c l a s s i f i e d  

approximately by decreasing momentum magnitude. The tape does not give 

t h e  t i m e  of p a r t i c l e  escape, bu t  i n  analyzing it we made the  assumption 

t h a t  t h e  lower t h e  wave number, t h e  more t h e  sur face  e f f e c t s  can r e f l e c t  

t h e  p a r t i c l e  t o  delay the  emission. So i n  t h e  ca lcu la t ions  employed 

here  an ana lys i s  of t he  nuclear e x c i t a t i o n  energy i s  made a f t e r  each 

p a r t i c l e  emission record i s  read from t h e  magnetic tape.  I f  the 

e x c i t a t i o n  i s  pos i t i ve ,  t he  record of t h e  next escaping p a r t i c l e  i s  

s tudied,  bu t  if t h e  exc i t a t ion  i s  negative, t h e  cascade reac t ion  i s  

considered t o  have stopped before the  emission i n  question. Exci ta t ion  

energies  a r e  obtained by use of nuclear mass t a b l e s .  
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The momentum and hence t h e  energy of t h e  r e c o i l  nucleus a r e  a l s o  

ca lcu la ted  and taken i n t o  account i n  determining the  nuclear exc i t a t ion .  

Evaporation Process 

After  the emission of the  l a s t  knock-on nucleon, the  r e s i d u a l  

energy of t he  nucleus (E") may be s u f f i c i e n t l y  high t o  b o i l  off  p a r t i c l e s  

such as  neutrons, protons,  deuterons, t r i t o n s ,  3He, or alpha p a r t i c l e s .  

We used t h e  Dresner-Dostr~vsk$~'  36 method t o  compute t h i s  decay. F i r s t  

i s  computed the mean p robab i l i t y  of emission of each type of p a r t i c l e  

( func t ion  only of E36, t h e  separa t ion  energy E 

energy).  Then, a f t e r  a random choice t o  determine which, if  any, 

p a r t i c l e  i s  t o  be evaporated, another choice gives the  channel emission 

energy e .  A t  t h i s  po in t ,  s ince  the  nucleus ve loc i ty  may be of the 

same order as  t h e  p a r t i c l e  ve loc i ty ,  we say t h a t  if t h e  d i r e c t i o n  of 

emission i s  randomly d i s t r i b u t e d  the  mean value ( i n  t h e  labora tory  

system) of the emitted p a r t i c l e  square ve loc i ty  i s  t h e  sum 

and the  Coulomb b a r r i e r  
S' 

<P>=u;2+<, (37) 

where v i s  the ve loc i ty  of t he  compound nucleus before  decay and < = 2 i s  the squared channel ve loc i ty .  

v of t h e  r e s idua l  nucleus. The e n t i r e  evaporation ca l cu la t ion  i s  made 

again u n t i l  a l l  the  p r o b a b i l i t i e s  of emission a r e  given as zero. The 

mean r e s idua l  energy i s  a l s o  given by the  ca l cu la t ion .  

C 
Similar ly ,  we obta in  the  new m 

C 

It i s  i n  t h i s  way t h a t  the  process computes t h e  3m decay 

of t h e  exci ted C12 nucleus. 

and we considered t h e  i n s t a b i l i t y  of i t s  ground s t a t e  (per iod -10'16sec). 

Any 'He and 5 L i  nuc le i  were a l s o  forced t o  decay. 

This process proceeds v i a  a *Be nucleus, 

Mult iple  Sca t te r ing  

The react ions with carbon may give r i s e  t o  some neutrons among 

t h e  reac t ion  products. The lower t h e i r  energy, t h e  more l i k e l y  they  

a r e  t o  produce r e c o i l  protons.  For each neutron leaving the  t a r g e t  

nucleus the  mean escape path was ca lcu la ted  along with the  mean f r e e  

path 5' corresponding to  i t s  energy. 
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If t h e  neutron was a product of a cascade, t h e  d i r ec t ion  of 

emissionwas known and t h e  average was made f o r  a l l  t h e  point,s of the  

s c i n t i l l a t o r .  If t h e  neutron was evaporated, t h e  average a l s o  included 

t h e  d i r e c t i o n  of t he  ax i s .  

known and two random choices indicated,  f i r s t ,  whether a c o l l i s i o n  had 

occurred and, second, what the energy of t he  r e c o i l  proton was. The 

r e s u l t  w a s  an energy d i f f e r e n t i a l  pseudo cross  sec t ion .  

The p r o b a b i l i t y  of c o l l i s i o n  was then 

" 

Light Output 

The result .  of t.he calci i la t ion was a set  of h i s t o r i e s  i n  which a n  

inc ident  neutron may give one o r  more charged p a r t i c l e s  ( including 

double-scat ter ing pseudo reac t ions) .  

i t s  l i g h t  output,  w e  calculated t h e  l i g h t  output  from the  incident  

neutron, i .e.,  t h e  sum of t h e  l i g h t  output  of each charged secondary 

or t e r t i a r y  p a r t i c l e .  Sorting these  h i s t o r i e s  f o r  each incident  energy 

E gave t h e  f a s t  and t o t a l  spectra  of the  l i g h t  output  as a func t ion  

of t he  pseudo-electron equivalent th reshold  energy. 

Since we knew f o r  each p a r t i c l e  

0 

Resul ts  - Comparison with Experimental Data 

Table 3 shows a comparison of the  p a r t i a l  r eac t ion  cross  sec t ions  

estimated a t  15  and 25 MeV. An i t e m  of some importance i s  t h e  f a c t  

t h a t  we found no ground-state r eac t ions  (n ,a )  leading t o  'Be ( see  

Sect ion X ) .  

neutron, i n  t u r n  giving a cont r ibu t ion  t o  t h e  (n,n'3a) cross sect ion.]  

[Note: The exci ted l e v e l s  of 'Be lead  t o  an evaporated 

L igh t Spe c trum Resul ts  

Due t o  t h e  uncer ta in ty  i n  t h e  l i g h t  output  from charged p a r t i c l e s ,  

our  r e s u l t s  on t h e  f a s t  spectrum da ta  a r e  more p rec i se  than  f o r  the  

t o t a l  l i g h t .  

cp(F), t he  f r a c t i o n  of t h e  geometrical  c ross  sec t ion ,  f o r  two s c i n t i l -  

l a t o r  s i z e s .  

Figures  14 and 15 show t h e  p.e.q.  energy d i s t r i b u t i o n  of 

B' The i n t e g r a l  of t h i s  func t ion  cp above a b ias  E 

v(F) d-F, i s  t h e  f r a c t i o n  of t h e  geometrical  cross  sec t ion  which 

con t r ibu te s  t o  t h e  eff ic iency.  With a f i n i t e  r e so lu t ion  t h i s  i n t e g r a l  EB 

i s  r a t h e r  p" y(F)  K(EB,F) dF with a ke rne l  K(E F)  coming from 
EB BY 
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Table 3. P a r t i a l  Reaction Cross Sections 
f o r  Neutrons on Carbon 

Cross Sections (mbl') 
En = 15 MeV En = 25 MeV - 

Reaction Experiment Calculat ion 
v 

Experiment Calculat ion 

220 * 30 200 f 20 

320 f 50 307 f 20 

80 i 20 

18 f 6 

95 
240 

50 
6 

80 

73 f 15 
230 f 25 

15 f 7 
73 f 1-5 

"assuming a geometrical c ross  sec t ion  lrR2 = 774 mb f o r  t h e  i n t r a -  
nuclear  cascade model nucleus. 



35 

2- 04 - 0 58 - 4 0 I 7 

0.5 

0.2 

-1 0.1 
4 
I- z 
W 
(z 
W 
LL 
k 

L 

0.05 
W 

!z 
J 
W 
(z 

c 

tl 
e 

-8 0.02 

O.O! u 
5 io 

Fig .  14.  E f fec t ive  Relat ive D i f f e r e n t i a l  Cross Sect ion cp(F) vs 
E lec t ron ic  Bias for 6 .l-cm-thick S c i n t i l l a t o r .  
s e c t i o n  i s  taken as 0.77 barn, and arises from cascade-plus-evaporation 
r eac t ions  i n  carbon. The r e s u l t s  were smeared using K = 100 and c* = 2 

The geometrical  cross  
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The geometrical cross 

The results were smeared using K = 100 and 5 3t = 2 .  
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Eq. (9) .  
0.77 barn, corresponding t o  the lowest dens i ty  por t ion  of B e r t i n i ’ s  

nucleus. 

The geometric cross  sec t ion  f o r  carbon is  here  taken as 

I n  o the r  terms u, i s  a l s o  the  e f f i c i ency  cm-l Mer1 (x-)-l, where 

C = N u is  t h e  geometrical  macroscopic cross  sec t ion .  We have e s t i -  
g c g  

mated cp vs E, t h e  p.e .q .  energy. 
ef f 
C Values of u = ry Srn y(E)  dE a r e  tabula ted  i n  Table 4 f o r  two 

* - 
“B s c i n t i l l a t o r  s i z e s  (h  = 2.5 

180 keV p.e.q.  ( f o r  K = 100 photoelectrons/MeV and 5 These 

r e s u l t s  a r e  a l s o  p l o t t e d  i n  Fig. 16, where it can be seen t h a t  t h e  

and 6.1 em), with E, taken equal  t o  

= 2). 

irifiuencz of size f A n , ? k l  \uuuvle Eca t te r icg)  g8ve a9 increase  of only 1% above 

E = 20 MeV but  was more important f o r  lower energies .  

Figure 17 gives f o r  Eo = 1 5  MeV t h e  amplitude d i s t r i b u t i o n  per  cen t i -  

meter of t h e  t o t a l - l i g h t  spectrum from t h e  cascade-plus-evaporation reactiq 

andm comparison t h e  spectrum from f i r s t - o r d e r  hydrogen s c a t t e r i n g  alone.  

0 

X .  REACTION ( n , a )  

For t h e  (n ,a )  reac t ion ,  which i s  not included i n  the  in t ranuclear  

cascade process, we assume tha t  t h e  r eac t ion  products a r e  i so t rop ic  i n  

t h e  center-of-mass system. Then t h e  e f f i c i e n c y  i s  

. 

where CT 

equal  t o  t h e  maximum value of (E 

energy corresponding t o  the  bias  E 
energy, and Emax i s  t h e  maximum energy of t h e  alpha p a r t i c l e  emitted.  

If w e  assume t h a t  only the neutron i s  r e l a t i v i s t i c ,  t he  momentum r e l a -  

t i o n  gives 

i s  t h e  t o t a l  cross  sec t ion  f o r  t h i s  r e a ~ t i o n , ~ ~ - ~ ’  E i s  

i s  t h e  a lpha-par t ic le  
a a,o 

B, E m i n ) ’  ‘B 
B’ Ern in  i s  t h e  minimum poss ib le  alpha 

c .m. 8 = - = -  
v 

C 

and 

(39) 

(40) 
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ef f 
C Table 4. Effective Cross-Section 0 

at EB = 180 keV p.e .q .  

For h = 6.1 cm For h = 2.54 cm 

10 

12 
14 
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25 

30 

40 

94 
128 
187 
207 
319 
3 26 
334 
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65 
91 
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3 07 
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I -  

where E' i s  t h e  energy of the alpha p a r t i c l e  i n  t h e  center-of-mass system, 

Q = -5.71 MeV, and 
a 

i s  t h e  mass of t h e  'Be atom res idua l .  Therefore 

Values of and fo r  some neutron energies  are given i n  T a b l e  5. 
It w i l l  be noted t h a t  t h i s  process has a smaller  zero-bias e f f i c i e n c y  

t.han the  (n,n'_?a) reac t ion ,  but s ince  only one alpha p a r t i c l e  i s  emitted, 

t h e  maximum l i g h t  output  is l a rge r .  

X I .  SECOND-ORDER SCATTERING 

A s  we have seen i n  Section IV [Eq. (lo)], we may ca l cu la t e  t h e  

second-order e f f i c i ency  q2 by tak ing  i n t o  account t h e  "second e f f e c t i v e  

col l is ion":  

We a l s o  should note  t h a t  when w e  have in tegra ted  t h e  spectrum shown i n  

F ig .  15 t h e  d i f f e r e n t i a l  cross sec t ion  of t h e  r eac t ion  C(n,n'y)C calcu- 

l a t e d  by t h e  cascade i s  d i s t r i b u t e d  as t h e  r e s u l t  of t he  f r e e  neutron- 

nucleon i n t e r a c t i o n  and not forward-peaked l i k e  the  observed i n e l a s t i c  

s c a t t e r i n g  shown i n  Fig.  13 (even i f  t h e  t o t a l  cross  sec t ion  i s  c o r r e c t ) .  

So although t h i s  second-order s c a t t e r i n g  is  included i n  t h e  cascade 

ca lcu la t ion ,  we have t o  add a "forward-peak flux" i n  t h e  ca l cu la t ion  

of t he  second-order s ca t t e r ing  and sub t r ac t  terms corresponding t o  t h e  

inco r rec t  angular d i s t r ibu t ion .  From these  considerat ions @ i s  the  

sum of two terms: 
1 

The f i r s t  one results from undetected f i r s t  s c a t t e r i n g  with hydrogen, 

and s ince  t h i s  s c a t t e r i n g  i s  nea r ly  i so t ropic ,  
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Table 5. Energy and Fast-Light Output E x t r e m a  
from ’”C(n,a)’Be 

~ ~~ 

Eo (MeV) E P x  (MeV) cx (MeV)  en (MeV)  Cn (MeV) 

14.5 8.36 0.55 2 *95 0.12 

50 40.8 7 18.6 1.9 
75 63 .a 14 27.8 3.8 
100 86.8 23 38.1 6.1 

25 18.0 1.8 7 -27 0.43 

. 
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with cp ( E )  = 1/E f o r  E0-eB < E < Eo, 3 0 otherwise; fI i s  t h e  cur ren t  

of hydrogen-scattered neutrons ( i n  a one dimensional approximation) 
1 1 

with t h i s  va r i ab le  separat ion.  The cont r ibu t ion  7 H of @ t o  72 is  again 
2 H 

t h e  product of two terms: 

The e f f e c t i v e  cross sec t ion  here is  a funct ion of E '  because t h e  l i g h t  

from any second c o l l i s i o n  w i l l  add t o  the  l i g h t  from the  f i r s t .  

preceding sec t ions  w e  have already ca lcu la ted  t h e  f i r s t - e f f e c t i v e - c o l l i -  

s ion  macroscopic c ross  sec t ion  f o r  s eve ra l  energies  E 

B 
I n  t he  

B: with b i a s  8 
0 

A look a t  t h e  va r i a t ion  of gff vs E ( see  the  f i n a l  r e s u l t s  p l o t t e d  i n  

F ig .  18 and da ta  i n  Ref. 5 )  shows t h a t  s ince  7 2 
term t h e  mean value < qff > taken between E - E  

d i f f e r e n t  from qff(~o) .  TO ca l cu la t e  c1 e f f  (Eo,€;), we made the  addi- 
t i o n a l  assumption t h a t  t h e  va r i a t ion  with E' i s  s imi l a r  t o  t h a t  of 

gff as  given by Eq. (26); therefore  

0 

i s  only a cor rec t ive  

and E i s  not too O B  0 

B 

' ,. 

'i-'.] 
EO 

'C1 e f f  (EO,eB) l - a (Eo)  - . (47 1 

If t h e  l i g h t  output were a l i n e a r  func t ion  of proton energy, the  mean 
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va lue  E' = 8 c 

AS a compromise, we used S' = - 
cB = 6 EB. B 3 g B  
mations the  second term of Eq. (45) becomes 

I f  the  r e l a t i o n  i l l u s t r a t e d  i n  Fig.  19 were quadrat ic  
2 

B B. 
- 0  3-r . Within these  approxi- 

L e t  us now consider t h e  e f f ec t  of t he  forward-peaked fiux i i l  Eq .  

(43), which f l u x  may be wr i t ten  

with Ei = E -4.43 MeV. 

neutrons i n  @* were analyzed i n  Sect ion IX. 
hypothesis t h a t  t h e  cascade gives a "white spectrum," 

According t o  Sect ion IV, however, most of t he  
0 

Therefore, if we make the  
i 

The term between t h e  brackets: i s  equal  t o  

H 
2' and t h e  f i r s t  t w o  t e r m s  cancel i n  t h e  same approximation used f o r  7 

giving 

It w i l l  be convenient t o  l e t  Eq. (52),  which corresponds t o  two con- 

secut ive  carbon co l l i s ions ,  be equal  t o  
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e i  €8 
PARTICLE ENERGY (MeV) 

€1 

2- 01 - 058 - 1 022 

E 

F i g .  19. Influence of t h e  F i r s t  C o l l i s i o n  on the  Bias f o r  
Detection of t he  Second Co l l i s ion  (Both A r e  Assumed To Be n-p 
S c a t t e r i n g ) .  
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so t h a t  by def ining the  usua l  e f f ec t ive  cross  sec t ion  w e  can wr i te  

Ei s CEff(E) dE 
0 w 3  

Ei Ceff 
2 ,H 

W e  approximate t h e  i n t e g r a i  i n  Ey. (51;) 3s 

(54)  

if Ei > E + or equal t o  zero if  E < c B + s  [C$ = 12.6 MeV i s  the  

energy d e f i c i t  i n  t h e  12C(n,p) reac t ion ,  and the  Monte Carlo r e s u l t s  

show a low cascade contr ibut ion below about t h i s  incident  energy]. 

i f  Ei > 8 + and "/Eo i s  small, t he  d e f i n i t i o n  of Eeff i n  Eq.  (48) 
gives  

B %  i 

So 

B %  2, H 

We can now obta in  7 from a combination of Eqs.  (45) ,  ( 5 O ) ,  and (53): 2 

where w e  must r e c a l l  t h a t  w = o if E i <  eB+&p, or equiva len t ly  E C 

~,+16.9 MeV. For evaluat ing t h e  f i r s t  term, h = - 
observe t h a t  J i s  r e l a t e d  t o  t h e  primary cur ren t  J(x) = Joe-%X by 

0 

2 Jo 
1 

where i s  t h e  removal cross sec t ion  f o r  energy E, and C i s  t he  t 
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c 

t r a n s p o r t  cross sec t ion  defined below. The so lu t ion  i s  

and 

% 8 h2 Cty independent of $(and E ) .  (60) 

The cross  sec t ion  f o r  t h e  t r anspor t  J + J1 i s  7 

Theref o r e  

= CH+Nc(L)oi, = yl+ZiW. "t 

e f f  = $ h 2 C  C 72 t 2 , H  

X I I .  COMPARISON WITH EXPERIMENTAL DATA AT 14.45 MeV 

The e f f i c i e n c i e s  ca l cu la t ed  f o r  s c i n t i l l a t o r s  B and B2 ( h  = 2.61 1 
and 6.10 cm, respec t ive1y)a t  threshold values E 

p.e.q. a r e  itemized below as  an example, and then compared aga ins t  

experimental  values.  

= 180 and 1800 keV B 

Figure 20 i l l u s t r a t e s  the  energy vs l i g h t  output  r e l a t i o n s h i p  

described i n  Section 11. 

1.8 MeV p.e .q .  correspond 

From Fig .  20 one may see  t h a t  EB = 0.18 and 

t o  proton energies  E B 
The two s c i n t i l l a t o r s  of thickness  2.61 and 6 . 1  cm have e f f e c t i v e  

= 1.05 and 5.3 MeV. 

thicknesses  hi' and h" of 2.43 and 5.15 cm, based on a removal cross  1 2 
sec t ion  = 0.0567 cm-l . 

I n  a l l  cases here the  est imated edge e f f e c t  l o ses  counts from 

0.0017 of a l l  neutrons inc ident ,  based from F ig .  8 e i t h e r  on 2.2% 

an unbiased hydrogen e f f i c i e n c y  of 0.08 f o r  the  B d e t e c t o r  o r  on 

of 0.17 f o r  the B de t ec to r .  It w i l l  be r e c a l l e d  t h a t  t h i s  edge 

e f f e c t  i s  based on the  E th reshold  va lue .  

1 
2 

psd 

about 

of 

1$ 
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Fig .  20. Experimental and Calculated Detect ion Ef f i c i enc ie s  f o r  
Various Fas t -Light  Thresholds, EB, Compared with Results f o r  11 and p 
Taken from Fig .  2. 
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Estimates for ER = 180 keV p.e.q. 

Hydrogen Scattering. -- % = 0.03233 cm-l; a/Eo = 0.0716; therefore 
= 0.0300. ef f 

% 
and 6.1-cm detectors; or with edge effect considered at the 2-MeV E 
threshold, 7.1 and 15.34‘0, respectively. 

detectors, giving Ceff = 0.0064 and 0.0079, and the efficiency contri- 
butions from carbon reactions become 1.56 and 4.1%, respectively. 

a MeV, and cr = 80 mb. From Fig. 20, c = 4 MeV and CEff== 0.0025. So the B 
contributions are 0.6 and 1.3% to the 2.6- and 6.1-cm efficiencies. 

t 
Ceff = 0.0027 and 0.0028. ~; = 0.113 and 0.61 cm, respectively. 
efficiency contributions are 0.03 and 0.17%. 

The contributions to 7 are 7.29 and 15.5% for the 2.6- 

PSd 

cr = 160 and 200 mb for thin and thick Cascade from Table 5. -- C 
C 

(n,a)’Be Reactions. -- For this energy ex = 8.4 MeV, Emin = 2.9 

cr Second Order. -- = 220 mb, Ei = 10 MeV, and w = 0; so C = 0.03233. i 
The 

2 , H  

ln,n’y) Gamma Detection. -- cr = 220 mb and gamma-detection effi- i 
ciencies at zero bias may be estimated at 10 and Is%, respectively, for 
the distributed source. Thus without pulse-shape discrimination the 

gamma-detection contributions are about 0.2 and 0.676, respectively, and 
almost half this with pulse-shape discrimination and E = 2.MeV. 

Total. -- 7 = 9.4% for the 2.61-cm detector and 21.2% for the 
6 .l-cm detector with pulse-shape discrimination (and thus edge effects) 
or 9.7 and 21.7% without. 

PSd 

Estimates for E = 1800 keV p.e.q. B 
Hydrogen Scattering. -- ,Eff = 0.0201. The contributions are 4.86 and 

and 10.4% with the edge effect ignored, and 4.7 and 10.2% with edges 
effect included. 

cr = 0. Cascade from Fig. 15. -- 
(n,a)’Be Reactions. -- From Fig. 20 cB - 18 MeV, so Ca 

Second Order. -- Ceff = 0.0085. 

(n,n’y) Gamma Detection. -- About 0.1 and 0.3% as above. 

Total. - -  v2 = 4.9 and 11.@, counting edge effect, for the 2.6- and 

a ef f C 
= 0. 

The contribution 7 = 0.1 and 0.5%. 2,H 2 

6.1-cm detectors. 

the underlying cross-section uncertainties dominated. Effects of errors 

in the light output relation are presently difficult to estimate. 

Unvertainties would be no more than a few percent if 



t 

.) 

5 1  

Table 6 and Fig.  21 compare t h e  above r e s u l t s  with t h e  experimental 

values of Love e t  a l .4c  The experimental values were obtained with a 

de t ec to r  system which included a p l a s t i c  l i g h t  pipe and a 0.5-cm p l a s t i c  

ant icoincidence s c i n t i l l a t o r  between t h e  de tec tor  and t h e  neutron source.  

Monte Carlo  calculation^^^ employed t o  es t imate  t h e  implied small  cor- 

r ec t ions  indicated t h a t  i n  both cases the  nearby p l a s t i c  increased t h e  

detector e f f i c i ency  by a f ac to r  of 1 . O l i  0.01 a t  t h e  high b i a s  and 1.02 

k 0.007 a t  t h e  low b i a s .  These cor rec t ions  were not included because of 

t h e i r  small  importance and questionable magnitudes. The estimates i n  

Table 6 do not include puise-siiape dlscrlxlnatizn because the cnmp3ra.hle 

experimental  values suffered from an obvious loss of low-energy neutron 

pulses .  

-- 

Examination of Table 6 shows t h a t  the  est imates  a t  t he  higher t h re s -  

hold a r e  low by 13% o r  so, which could most e a s i l y  occur i f  there  were 

some d i f f i c u l t y  with t h e  est imat ion of l i g h t  output f o r  protons.  This 

should have l i t t l e  e f f e c t  a t  the lower b ias ,  where est imates  a r e  l o w  by 

a n  average of 5%. The l a t t e r  discrepancy seems not f u l l y  accounted f o r  

by neglec t  of t h e  e f f e c t s  of the surrounding materials. The agreement 

a t  low b ia s  i s  s u f f i c i e n t l y  good t o  suggest t h a t  t h e  main e f f e c t s  have 

been taken in to  account i n  the ana lys i s ;  i f ,  hmever ,  experimental cross 

sec t ions  become known i n  d e t a i l  f o r t h e  carbon reac t ions ,  over the  energy 

range of i n t e r e s t ,  it w i l l  be more exact t o  es t imate  e f f i c i e n c i e s  by 

d i r e c t  appl ica t ion  of Monte Carlo techniques.  

. 
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Table 6.  Comparison of Calculated and Experimental 
Values f o r  14.  ?-MeV Neutrona 

S c i n t i l l a t o r  Bias 
Thickness Threshold E xper ime n t a 1  Calculated 

(em> (keV p . e .q . )  Eff iciencyb Ef f i c i ency  

2.61 180 0.105 * 0.001 0.097 

6.10 180 0.226 f 0.002 0.217 

1800 0.123 f 0.003 0.110 

1800 0.055 f 0.001 0.049 

a The e f f e c t  of t he  - 3-cm p l a s t i c  l i g h t  pipes  and the  
0.5-cm p l a s t i c  ant icoincidence counter has 
t e x t ) .  The values given here  correspond t o  the  case without 
pulse-shape d iscr imina t ion .  Short-range in t e rpo la t ions  have 
been employed among the  experimental da ta ,  causing the  
unce r t a in t i e s  i n  t h e  experimental  values  t o  be increased.  

been ignored ( see  

bT. A .  Love e t  a1 Neutron Phys. Div. Ann. Progr .  Rept. 
Aug. 1, 1964, O R S - T i L ,  V o l .  I I 7 9 5 e x s o  O R N L - B  
( i n  p r e s s ) .  



53 

t 

2 0.5 

I- 
3 

I- 
3 
0 

a 0.2 

I- 
I 

-J 
2 0.1 

U 
0 
I- 
v) 

G.C2 
2 

0.ot 

400 

50 

I- 
3 

3 
0 

2 0  

I- 

to $ 
-I 

-J 

2 
5 P  

U 
0 
I- 
v) 

2 3  

0.t 0.2 0.5 2 5 to 20 50 too 
Eo (MeV) 
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(Ref. 21).  The formulation f o r  alpha p a r t i c l e s  and protons is  given 
i n  Sect ion 11. 

-- 
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